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The reliability, validity, and precision of both the image capture and image analysis processes of a commercially available SP system obtained by the National Institutes of Health Clinical Center Rehabilitation Medicine Department were recently studied in imaging simple geometric solids and a human form mannequin. 1 Excellent intrarater and interrater reliability of the system existed for linear, surface area, and volume measurements (r 9 0.99, P G 0.001); no overall significant difference was found between SP and manual measurements (F = 4.23, P 9 0.06). The system exhibited excellent stability in images of the mannequin over time (r 9 0.99). The limit of precision (error 9 5%) of the system to detect objects on the surface of the mannequin was estimated at a surface area of 23.5 cm 2 and volume of 32 ml. This study and corroborative data from other research studies 2Y7 support the development of SP outcome measures to study deformities of the torso.
Osteogenesis imperfecta (OI) is a heritable disorder occurring in about 1 in 100,000 births that affects the connective tissue matrices of bones and soft tissues and ranges in severity of phenotype. Scoliosis is particularly common in OI, and thoracic deformities (such as pectus excavatum and pectus carinatum) are also prevalent. Because of the structural limitations of the bone in persons with OI, such deformities cannot be treated or braced in the same ways as idiopathic scoliosis. 8 As research into treatment of patients with OI continues, there is a growing need for a noninvasive method of quantifying these truncal deformities and their progression over time. At present, such deformities are often monitored using x-ray or computed tomography, both of which require ionizing radiation. Because of increased incidence of fractures, severity of disease, and, often, participation in research protocols, patients with OI are subject to repeated radiation exposure throughout their growth and development. A method of quantifying and assessing these structural deformities with reduced cost and testing time and without radiation would be highly desirable for OI patients and their families.
SP is a safe, relatively inexpensive technique with potential for research and clinical assessment of OI. It may also offer new information on the 3D qualities of torso deformities in OI and other conditions. The aim of this study was to examine the system's usability as a noninvasive technique for obtaining linear measures and anatomical data of the torso and to compare SP with current clinical examination techniques for the assessment of truncal deformities by piloting its use in subjects with OI.
STUDY DESIGN Recruitment
Participants were enrolled under a National Institutes of Health Clinical Center Institutional Review BoardYapproved protocol for piloting the assessment of new methods for patient evaluation in areas including scoliosis; subject accrual for projects in this protocol is limited to ten. Participants were recruited from subjects enrolled in ongoing institutional review boardYapproved OI protocols at the National Institute of Child Health and Human Development in which diagnoses and types were determined by using Silence clinical criteria 9,10 and confirmed with genetic or collagen testing. Recruitment was limited to those subjects in the available pool of OI patients who were able to sit without support to obtain SP images. Ten subjects with OI types III or IV between the ages of 4 and 27 yrs (five male and five female patients) participated in the study. Adult subjects and parents of minor subjects provided written consent to participate. Written or verbal assent was obtained from minor subjects.
Materials
Images of the trunk were obtained with 3dMDtorso (3dMD LLC, Atlanta, GA), a commercially available, Food and Drug Administration class I approved, Windows PC based, active SP system including proprietary hardware and software. The system uses four Bpods,[ each of which consists of one stroboscopic flash, one speckle pattern projector, two black and white digital cameras, and one color digital camera. The projection of the speckle pattern on the subject's surface is captured stereoscopically by the digital cameras in each of the pods. The color cameras are used to capture the surface texture of the subject. The system uses a proprietary active image capturing technique, which can acquire all required images in about 1.5 msecs. The images from the four pods are combined using proprietary software based on the Tsai algorithm 11, 12 to produce a 360-degree 3D image of the human torso.
A Gulick anthropometric tape measure and a Lafayette Instrument Company (Lafayette, IN) linear anthropometer were used to take the manual Measurements of chest diameter (with the anthropometer) and circumference (with the Gulick anthropometric tape) of the subject's torso were taken in a sitting position at the level of the xiphoid process. The xiphoid process was also marked with a surgical marking pen by author S.M. Paul before the manual measurements were taken. Two authors (S.M. Paul and H. Cintas) identified and agreed upon the presence or absence of pelvic asymmetry, pec-tus carinatum and excavatum, infraxiphoid and supraxiphoid depression, abdominal and thoracic protrusion, and scoliosis (thoracic, lumbar, and/or thoracolumbar) based on accepted clinical practices. Palpation was allowed as part of the COs, and scoliosis was determined from palpation and observation. Only asymmetries in the frontal plane were documented.
On the same day (subsequent to the previous examination), four images were taken of the subject's torso by SP cameras set in a 360-degree mode (Fig. 1) . The subjects wore shorts and were seated with arms elevated to 90 degrees. Using the xiphoid landmark placed at the time of the clinical examination, author A.P. Chamberlin used the SP system software to take linear measurements of the anterior/posterior diameter and circumference of the subjects' torso SP images. In addition, different evaluators (authors M.B. Perry and E. Levy), blinded to the COs of S.M. Paul and H. Cintas and of each other, made individual observations directly from the 3D image. Each identified the presence or absence of pelvic symmetry, pectus carinatum and excavatum, infraxiphoid and supraxiphoid depression, abdominal and thoracic protrusion, and scoliosis (thoracic, thoracolumbar, and/or lumbar) in the frontal plane (when applicable). Clinical observers and SP image evaluators were blinded to radiographs when diagnosing scoliosis. All evaluators are experienced clinicians with more than 10 yrs of experience in their field.
Statistical Analyses
Four images of each patient's torso were captured; average values of the data from each patient were used for statistical analyses. Intraclass correlation coefficients were calculated to determine the intermethod agreement between manual and calculated measurements for both circumference and diameter. Paired t tests were performed to determine whether significant differences existed between the manual and SP-calculated measurements. Comparisons of the image evaluations to the COs were performed using Cohen kappa correlation. Significant agreement was defined as a J Q 0.40.
RESULTS
The ten patients ranged in age from 4 to 27 yrs, with an equal number of male and female patients and OI types III and IV. Images of all patients were obtained quickly, without incident or discomfort, and no sedation was required for subjects as young as 4 yrs. SP produced the 3D images without confining patients or exposing them to ionizing radiation. Measurements of torso diameter by SP showed very strong correlation with the manual measurement (intraclass correlation coefficient = 0.9238, P G 0.0001; Fig. 2 , Table 1 ). However, an average difference of 1.3 cm was noted between the two measures (intraclass correlation coefficient = 0.001; Fig. 3 ). In each subject, the result obtained by SP was the larger one. SP-calculated torso circumference also showed strong correlation with the manual measurements (intraclass correlation coefficient = 0.9458, P G 0.0001; Fig. 4 , Table 1 ). Here, also, there was a difference, averaging 3.2 cm (P = 0.022), be-tween manual measurements and those derived by SP (Fig. 3) . SP-derived data were greater than manual measurements in eight of the ten subjects.
There was significant agreement between the evaluations based on SP images and those from CO with regard to the presence or absence of pectus carinatum (J = 0.52 T 0.23) and thoracic scoliosis (J = 0.46 T 0.084). There was also significant agreement between the evaluators viewing the SP images for pectus excavatum (J = 0.40 T 0.22), supraxiphoid depression (J = 0.74 T 0.22), protruding abdomen (J = 0.74 T 0.22), and thoracolumbar scoliosis (J = 0.64 T 0.097). Significant agreement existed between evaluations based on SP images and those from COs of thoracic scoliosis (J = 0.72 T 0.12). Best overall agreement occurred between evaluators who made observations of the SP images. Limited overall agreement was present when comparing COs of the evaluators to observations based on SP images (summary of values found in Table 2 ). Kappa values and the frequency of each finding on clinical examination are reported in Table 3 .
DISCUSSION
This study demonstrated strong, statistically significant agreement between two linear measures of the trunk obtained by direct physical measurement the nominal variables. Differences in agreement may be a function of the choice to place the patient in one position for SP, whereas clinical examinations could be made in a variety of positions. The presence of significant agreement in thoracic scoliosis between clinical observers and evaluations of SP images may be a result of the feature's position on the spine at the center of the SP system field of view. The absence of agreement between SP image evaluators for Bpelvis high[ feature is likely a result of the feature's location at the extreme end of the cameras' field of view. Limited overall agreement for infraxiphoid depression, pectus excavatum, and supraxiphoid depression suggests difficulty resolving images with concave components, because there was better overall agreement for protruding abdomen and pectus carinatum. Differences in measurements could also be caused by limits of the SP field of vision and differences between visualization of a model on a computer monitor and direct observation, which includes palpation of a patient. Discrepancies between evaluators may also be related to experience and/or professional definitions of the various findings. These results suggest that SP, in its current form, is not sufficiently developed for direct application (as an independent assessment) to telemedicine. However, the use of SP in conjunction with image analysis software offers potential to standardize the description of clinical features, although further research in this area is needed. To achieve this goal, norms must first be developed using a healthy volunteer population and then compared with groups with scoliosis, sternal, or chest wall deformities. Based on the success of these studies, SP may also be directed to other clinical issues such as truncal fat distribution in obesity. Our group is beginning a clinical protocol to determine whether a commercial SP system combined with computer-based analysis algorithms is capable of providing reliable, valid clinical outcome measures in scoliosis, chest deformities, and truncal obesity. We eventually plan to explore other clinical applications for SP, including, but not limited to, quantifying limb edema and accurately describing diffuse skin lesions (such as those in neurofibromatosis type I or tuberous sclerosis). Results of such studies may also be used to develop algorithms to automate SP recognition of these findings for application in research and diagnostic settings. 
